Nuclear pore complexes (NPCs) are large macromolecular structures embedded in the nuclear envelope (NE), where they facilitate exchange of molecules between the cytoplasm and the nucleoplasm. In most cell types, NPCs are evenly distributed around the NE. However, the mechanisms dictating NPC distribution are largely unknown. Here, we used the model organism Caenorhabditis elegans to identify genes that affect NPC distribution during early embryonic divisions. We found that down-regulation of the Sm proteins, which are core components of the spliceosome, but not down-regulation of other splicing factors, led to clustering of NPCs. Down-regulation of Sm proteins also led to incomplete disassembly of NPCs during mitosis, but had no effect on lamina disassembly, suggesting that the defect in NPC disassembly was not due to a general defect in nuclear envelope breakdown. We further found that these mitotic NPC remnants persisted on an ER membrane that juxtaposes the mitotic spindle. At the end of mitosis, the remnant NPCs moved toward the chromatin and the reforming NE, where they ultimately clustered by forming membrane stacks perforated by NPCs. Our results suggest a novel, splicing-independent, role for Sm proteins in NPC disassembly, and point to a possible link between NPC disassembly in mitosis and NPC distribution in the subsequent interphase.
Introduction
The nuclear envelope (NE), which separates the nucleoplasm from the cytoplasm, consists of two distinct lipid bilayers, the inner and outer nuclear membranes. The inner nuclear membrane is associated with a meshwork of intermediate filaments and associated proteins that make up the nuclear lamina. The outer nuclear membrane is continuous with the endoplasmic reticulum (ER). Embedded in the NE, at sites where the outer and inner nuclear membranes fuse, are nuclear pore complexes (NPCs) that mediate all macromolecule transport between the nucleus and the cytoplasm (reviewed in Hetzer (2010) ). NPCs are large protein complexes and their structure is conserved from yeast to mammals. The NPC has an eight-fold rotational symmetry; it is composed of a central core in the plane of the NE, a nuclear basket and cytoplasmic filaments (reviewed in D' Angelo and Hetzer (2008) ). Although very large in size, the NPCs are composed of only 30 different proteins, referred to as nucleoporins (Nups), each present in multiple copies in the complex. The NPCs are modular, and most nucleoporins associate in biochemically stable subcomplexes (reviewed in Brohawn et al. (2009) and D'Angelo and ).
In higher eukaryotes that undergo open mitosis, the nuclear envelope breaks down between prophase and metaphase, allowing the mitotic spindle to access the chromosomes. During NE breakdown (NEBD), the NPCs disassemble into their subcomplexes and the nuclear lamina de-polymerizes. The mechanisms that drive and coordinate NEBD are not fully understood, but this process involves the phosphorylation of multiple targets by the mitotic cyclin-Cdk complex (reviewed by Burke and Ellenberg (2002) ). For example, the disassembly of NPCs, which coincides with an increase in NE permeability and is probably required to initiate NEBD (Lenart et al., 2003) , is triggered by mitotic cyclin-Cdk dependent phosphorylation (reviewed in Rabut et al. (2004) ). The phosphorylation of at least one nucleoporin, Nup98, significantly increases the efficiency of NPC disassembly (Laurell et al., 2011) . NPC disassembly is an ordered process: it starts with Nup98 dissociation, followed by the dissociation of Nup153, Nup214 and the Nup107-160 complex. The membrane nucleoporin Pom121 and the Nup62 complex dissociate only after the membrane is completely permeable Lenart et al., 2003) . While the order of NPC disassembly has been described, the mechanisms that regulate this ordered process are largely unknown.
At the end of mitosis, the NE reassembles around the segregated chromosomes to form the two daughter nuclei. NPC assembly occurs during two cell cycle phases: at the end of anaphase, concomitantly with NE reassembly, and during interphase, when NPCs are inserted into an intact NE . The mechanisms for NPC assembly at these two cell cycle stages are distinct. At the end of mitosis, NPC assembly starts with the recruitment of the Nup107-160 complex to chromatin, followed by the recruitment of ER membrane and the association of the membrane Nups Pom121 and Ndc1 with the forming pore. Next, Nup93 and Nup62 complexes associate concomitant with the formation of an import competent NPC. The last step in NPC assembly is the addition of peripheral Nups and the membrane-associated nucleoporin gp210 in early G1 (reviewed by Antonin et al. (2008) ). During interphase, early steps in NPC assembly require the integral membrane nucleoporin Pom121, the ER membrane bending proteins reticulons, the inner NE membrane protein Sun1, and the insertion of the Nup107-160 complex from both the cytoplasmic and nuclear sides of the NE Dultz and Ellenberg, 2010; Funakoshi et al., 2011; Talamas and Hetzer, 2011 ; reviewed by ). It should be noted, however, that a recent study by Lu et al. suggested that even at the end of anaphase, NPCs are inserted into an intact NE rather than form on the chromatin (Lu et al., 2011) . Nonetheless, what controls the sites of NPC assembly, the number of NPCs assembled in either mitosis or interphase, and the distribution of NPCs remains to be discovered.
In interphase nuclei, NPCs are uniformly distributed throughout the NE, but how this uniform distribution is achieved is not known. Defects in NPCs distribution were mainly studied in the yeast Saccharomyces cerevisiae, where it was found that defects in NPC assembly or stability, as well as defects in membrane fluidity and alteration of NE structure and dynamics, lead to abnormal localization of NPCs (Chadrin et al., 2010; Dawson et al., 2009; Doye and Hurt, 1997) . However, there are several significant differences between NPC dynamics in yeast and higher eukaryotes: unlike in mammalian cells, in which the NPCs are largely immobile in the NE, the NPCs in yeast cells are mobile Winey et al., 1997) . In addition, since yeast cells undergo a closed mitosis (e.g. without NEBD), NPCs are always assembled into an intact NE, in contrast to the postmitotic assembly of NPCs in higher eukaryotes. NPC clustering was also observed in C. elegans embryos and animal cells following depletion of certain nucleoporins (for example (Cohen et al., 2003; Funakoshi et al., 2007; Galy et al., 2003) ). Abnormal localization of NPCs was also described in apoptotic cells (Fahrenkrog, 2006; Reipert et al., 1996) , but the processes that affect NPC distribution in proliferating higher eukaryotic cells have yet to be investigated. Here, we used the model organism C. elegans to identify genes that affect NPC distribution. Our observations uncover a novel role for Sm proteins in NPC dynamics, and lead to a possible link between NPC disassembly in mitosis and NPC distribution in the subsequent interphase.
Material and methods

Worms strains
All strains were derived from the C. elegans Bristol strain N2. OCF3: unc-119(ed3); jjIs1092[pNUT1:npp-1::gfp + unc-119(+)]; ltIs37 [pAA64:
pie-1p::mCHERRY::his-58+ unc-119 (+)] (Golden et al., 2009) pie-1p::GFP::tba-2 + unc-119 (+)]. The nucleoporin-GFP and mCherry fusion proteins used in this study were not tested for rescuing the functionality of mutant alleles and therefore it is not known whether they are functional.
Generation of transgenic worms
Transgenes were constructed by Gateway cloning (Invitrogen, CA). Coding sequences of npp-1 and npp-5 were amplified from N2 genomic DNA by PCR using the primers attB1_npp1_L, attB2_npp1_L and attB1_npp5, attB2_npp5 (Table S1 ) and sp12 sequence was amplified by PCR using the primers attB1_SP12 and attB2_SP12 (Table  S1 ). The PCR products were cloned into the entry vector pDONR221 and then into destination vectors pGateway mCherry (for npp-1 and sp12) and pID3.01 (for npp-5) to create N-terminal mCherry and GFP fusion respectively. Both pGateway mCherry and pID3.01 use pie-1 promoter and 3′UTR sequences. Transgenic lines were generated by microparticle bombardment method (Praitis et al., 2001) .
RNAi experiments
RNAi was performed by feeding worms with bacteria expressing a control dsRNA against smd-1 ( Golden et al., 2009) or dsRNA from the RNAi feeding library (Open Biosystems, Huntsville, AL). The identity of each clone was verified by sequencing. L4-staged larvae were grown on RNAi plates at 20°C (all strains except OCF26 and OCF28) or 24°C (OCF26 and OCF28) and embryos were examined after 30-48 h of RNAi treatment. To determine embryonic lethality, 6 worms were transferred individually following RNAi treatment for 24 or 32 h to 6 new RNAi plates and removed after additional 8 h. Hatching was scored 24 h later.
Immunofluorescence
Worms from RNAi plates were dissected on poly-L-lysine-treated slides and embryos' eggshell was opened by freeze cracking on dry ice. Samples were fixed in methanol (− 20°C) for 20 min, blocked for 30 min in PBS with 0.5% Tween 20 and 0.5% BSA (PBST/BSA) and incubated overnight at 4°C with primary antibodies diluted in PBST/BSA. mAb414 (Covance) was diluted at 1:400 and anti-Cegp210 Ab (Galy et al., 2008) at 1:500. Samples were washed in PBST/BSA, incubated for 2 h at room temperature with the secondary antibodies Alexa Fluor 568 and Alexa Fluor 488 (Invitrogen) each at 1:1000 dilutions, washed as described above and mounted in Vectashield with DAPI (Vector Laboratories).
Microscopy
Confocal images were captured by spinning-disk confocal microscopy, using a Nikon Eclipse TE2000U microscope equipped with a 60 × 1.4 NA Plan Apo objective. This system is outfitted with a Spectral Applied Research LMM5 laser merge module to control the output of four diode lasers (excitation at 405, 491, 561 and 655 nm), a Yokogawa CSU10 spinning-disk unit, and a Hamamatsu C9100-13 EM-CCD camera. Images were acquired using IPLab 4.0.8 software (BD Biosciences). Images were also captured using a Nikon E800 microscope, equipped with a 60 × 1.4 NA Plan Apo objective, using a charge-coupled device camera (CCD; C4742-95; Hamamatsu Photonics) and operated by IPLab 3.9.5 software (BD Biosciences). Images were processed with Imaris 7.0.0 (Bitplane) and Adobe Photoshop CS.
Transmission Electron Microscopy (TEM)
GFP-H2B expressing control and snr-1 RNAi worms were dissected in M9 buffer and embryos were pulled into capillary tubes and imaged with Leica TCS SP2 confocal microscope. At the appropriate cell cycle stage, the capillary tubes were placed in 100 μm membrane carriers filled with 20% BSA in M9 buffer and frozen with the EMPACT2 high pressure freezing machine (Leica Microsystems, Vienna). Embryos were then freeze substituted in 0.1% uranyl acetate in acetone and embedded in Lowicryl, HM20 according to Cohen et al. (2008) . Serial sections were cut at 60 nm and placed on formvar coated grids. Grids were stained with 2% uranyl acetate and lead citrate and imaged on a CM120 Biotwin microscope.
Results
Down-regulation of SNR-1, a core spliceosome component, leads to abnormal NPC distribution
We performed an RNAi screen in C. elegans to identify genes that affect nuclear morphology. We reasoned that alteration in nuclear morphology will likely cause defects in embryonic development, and therefore we focused our screen on 1870 genes that were Fig. 1 . snr-1(RNAi) leads to abnormal distribution of CeNup54. A. Four-cell embryos from worms expressing CeNup54::GFP, treated with either control RNAi (top) or snr-1(RNAi) (bottom). Bar = 10 μm B. Individual nuclei from different embryos expressing CeNup54::GFP, treated as described in panel A. Bar = 3 μm C. Images from time-lapse experiment of an embryo expressing CeNup54::GFP, after treatment with snr-1(RNAi). Shown is the maximum intensity projection of confocal sections (acquired at 0.8 μm intervals). Bar = 10 μm. D. Nuclei from different embryos from N2 worms that were treated as described in panel A and stained using mAb414 antibodies. Bar = 3 μm.
identified as causing embryonic lethality according to Wormbase (http://www.wormbase.org/). Changes in nuclear morphology were monitored in embryos of a strain expressing the C. elegans homolog of the nuclear pore protein Nup54 (NPP-1, referred to here as CeNup54) fused to GFP (CeNup54::GFP) and histone H2B fused to the monomeric red fluorescent protein mCherry (H2B::CR) (Golden et al., 2009) . In addition to the identification of genes that affected nuclear morphology (e.g. abnormal nuclear shape, clustered nuclei), the tagged CeNup54 allowed us to identify genes that affected NPC distribution in the NE. Overall, down-regulation of 350 genes by RNAi led to abnormal nuclear phenotypes. This included the down-regulation of 67 genes that were scored as causing abnormal distribution of NPCs and are the focus of this study (the remaining hits are currently being verified and will be described in a future study).
Normally, NPCs are distributed evenly around the nucleus (Galy et al. (2003) and Figs. 1A and B, top rows). In contrast, down-regulation of several genes from our RNAi screen led to uneven distribution and clusters of CeNup54::GFP (for example, see Figs. 1A and B, bottom rows). One of the genes that had a prominent effect on CeNup54:: GFP distribution was snr-1, an ortholog of human small ribonucleoprotein Sm D3 (Barbee et al., 2002) (Fig. 1) . The abnormal distribution phenotype of CeNup54 following down-regulation of SNR-1 was either absent or weak in the one cell embryo, clearly apparent in two-cell embryos, and even more pronounced in four-cell embryos and in later embryonic stages (Fig. 1C , Supplemental Figure S1 and see Discussion). To confirm that the abnormal distribution of CeNup54 was not a result of the ectopic expression of the GFP fusion construct (which may or may not be fully functional), embryos from N2 worms treated with control RNAi or snr-1(RNAi) were immunostained with mAb414, an antibody against NPC proteins. The staining with mAb414, which in C. elegans was shown to recognize CeNup98/ 96 (NPP-10) (Galy et al., 2003) , also showed NPC clustering following snr-1(RNAi) treatment, but not after control RNAi (Fig. 1D) . Therefore, this result also suggested that CeNup54 was not the only NPC protein
CeNup54
CeNup107 CeNup358 whose localization is disrupted following SNR-1 down-regulation (see below).
To examine the effect of SNR-1 down-regulation on the distribution of additional components of the NPC, worms expressing CeNup358 (NPP-9) fused to GFP (CeNup358::GFP) or CeNup107 (NPP-5) fused to GFP (CeNup107::GFP) were treated with control RNAi or snr-1(RNAi) and the distribution of these nucleoporins was examined in 2-4 cell stage embryos. In addition, N2 worms were treated with control RNAi or snr-1(RNAi) and immunostained with antibodies against gp210 (Galy et al., 2008) . Nup54 is a member of the nuclear pore complex Nup62, which is part of NPC central channel, Nup358 is a component of NPC cytoplasmic filaments, Nup107 is a member of the Nup107-160 subcomplex, which is part of the NPC scaffold, and gp210 is one of the two known C. elegans transmembrane nucleoporins (reviewed in D'Angelo and Hetzer (2008)). snr-1(RNAi) led to abnormal distribution and clustering of all three nucleoporins ( Figs. 2A and C) . Furthermore, in a strain expressing both CeNup54::CR and CeNup107::GFP, the two nucleoporins colocalized in snr-1(RNAi)-induced clusters (Fig. 2B) , and immunostaining with both anti-gp210 and mAb414 antibodies showed that gp210 also colocalized with clusters ( Fig. 2C) . Interestingly, in embryos from a strain expressing the single C. elegans lamin fused to YFP (LMN-1::YFP) and CeNup54::CR, there appeared to be an enrichment of LMN-1::YFP at some but not all NPC clusters (Fig. 2D) .
To further characterize these NPC clusters, two-cell stage embryos from worms that were treated with control RNAi or snr-1(RNAi) were analyzed by Transmission Electron Microscopy (TEM). As expected, in embryos from both control and snr-1(RNAi) treated worms, NPCs were properly embedded in the NE. However in embryos from snr-1(RNAi) worms, in addition to NPCs that localize to the NE, NPC-like structures were also found in stacks of double membranes, akin to annulate lamellae, that were adjacent to the NE ( Fig. 3B and C) . The presence of clusters of NPCs on membranes outside the NE is also consistent with the lack of LMN-1::YFP enrichment at some NPC clusters (Fig. 2D) . Although it is possible that the structure of the clustered NPCs is altered in some way, the fact that these NPCs are embedded in a double membrane, and that every nup that we have tested is present in the clusters, suggests that the clusters in snr-1(RNAi) embryos are composed of intact, or nearly intact, NPCs rather than of nuclear pore subcomplexes or protein aggregates.
Down-regulation of some, but not all, splicing factors results in NPC clustering
Unlike the NPC clustering phenotype seen following snr-1(RNAi), where nuclear morphology appeared otherwise normal, in the majority of genes whose down-regulation led to NPC clustering, the NPC clustering phenotype was accompanied by severe alterations to nuclear morphology (e.g. nuclear shape deformations). Since, in these cases, NPC clustering could have been a secondary consequence, for example, due to cell death, we decided to focus on those genes whose RNAi led to NPC clustering that was apparent in early (2 or 4 cells) embryos without any additional major nuclear morphology aberrations (Fig. 4A ). 10 such genes were identified in our screen. These included genes coding for 6 out of the 7 proteins that make up the Sm protein complex: snr-1 (Y116A8C.42), snr-2 (W08E3.1), snr-4 (C52E4.3), snr-5 (ZK652.1), snr-6 (Y49E10.15), and snr-7 (Y71F9B.4), which are orthologs of the mammalian SMD3, SMB, SMD2, SMF, SME and SMG, respectively. Interestingly, downregulation of the seventh Sm protein, SNR-3, did not lead to NPC clustering, but did result in 100% embryonic lethality (data not shown). The screen also identified smn-1 (C41G7.1), npp-2 (T01G9.4), rnp-6 (Y47G6A.20), and ran-3 (C26D10.1) as genes whose downregulation resulted in NPC clustering (Fig. 4A) . The Sm proteins are core components of the spliceosome (Barbee et al., 2002; Will and Luhrmann, 2001) . Together with snRNAs, they form a core component of uridine-rich small nuclear ribo-nucleoproteins (snRNPs) that are essential for splicing. SMN-1 has been demonstrated to facilitate the assembly of Sm proteins into snRNPs (Kolb et al., 2007) . Since the Sm proteins are core components of the spliceosome, their effect on NPC distribution could be either through their role in mRNA splicing, or through a splicing-independent function. If splicing defects were the cause of the NPC clustering phenotype, then downregulation of other essential components of the spliceosome would also affect NPC distribution. However, in our initial screen, downregulation of 19 essential splicing genes by RNAi resulted in embryonic lethality but had no effect on NPC distribution (see below and data not shown). To confirm this result, worms expressing CeNup54::GFP were treated with RNAi targeting each of five essential splicing factors, and the distribution of NPCs was reexamined in embryos after 48 h of RNAi treatment (Fig. 4B) . For all five genes, 100% of embryos that were laid between 32 and 40 h of RNAi treatment failed to hatch (Supplemental Figure S2) , indicating a strong inhibition of the target genes by the respective RNAi. NPC distribution, however, was normal (Fig. 4B) . These results are consistent with the possibility that the Sm proteins affect NPC distribution through a novel mechanism, not related to their role in splicing.
Down-regulation of Sm proteins leads to defects in NPC disassembly during mitosis
To further characterize the NPC clusters formed following the down-regulation of Sm proteins by RNAi, we performed time-lapse microscopy of embryos from worms treated with control or snr-1(RNAi). In C. elegans early embryos, NPCs completely dissociate from the NE only after metaphase (Lee et al., 2000) . In control embryos, CeNup54::GFP was completely dispersed during anaphase, whereas in snr-1(RNAi) treated worms, CeNup54::GFP remnants were visible between and around the anaphase chromosomes (Fig. 5A) . To quantify the occurrence of the phenotype, we monitored CeNup54::GFP Fig. 3 . NPCs in snr-1(RNAi)-induced clusters localize to stacked membranes adjacent to the NE.Two-cell stage control(RNAi) (A) and snr-1(RNAi) (B,C) embryos were imaged and fixed during interphase by high-pressure freezing. 60 nm thin sections were analyzed by TEM. snr-1(RNAi) embryos contained densely packed NPCs in their NE and in annulate lamellae, the large membrane stacks fenestrated by NPCs, that were closely associated with the NE. C is enlargement of the boxed area in B. The arrows point to some representative NPCs. Bars = 2 μm. through the first three embryonic divisions. Following treatment with control RNAi, CeNup54::GFP completely dispersed during mitosis in all 21 divisions that were imaged. In contrast, in embryos from snr-1(RNAi) treated worms, remnants of CeNup54::GFP were apparent in 16 out of 23 mitotic divisions (Fig. 5B) .
The failure to completely disperse following SNR-1 downregulation could have been a property of CeNup54 alone, or it could have reflected a general defect in NPC disassembly during mitosis. To examine the behavior of other NPC components following snr-1(RNAi), we performed live cell imaging of worms expressing CeNup54::CR and CeNup107::GFP. It was previously shown that while Nup54 is completely dispersed into the cytoplasm during mitosis, a fraction of Nup107 relocalizes to the kinetochores (Belgareh et al., 2001 ). As expected, in both control and snr-1(RNAi) embryos, a fraction of CeNup107::GFP localized to the kinetochores (Fig. 6A) . However, in snr-1(RNAi) embryos, in addition to its kinetochore localization, CeNup107::GFP was still present around the anaphase chromosomes, and these abnormal remnants colocalized with CeNup54::CR remnants (Fig. 6A) .
To further investigate the nature of the nucleoporin remnants observed in snr-1(RNAi) embryos, we examined the localization pattern of gp210, a transmembrane nucleoporin. gp210 remains attached to the ER membrane throughout mitosis, after other nucleoporins have dispersed and can no longer be detected near the mitotic chromosomes (Galy et al., 2008; Yang et al., 1997) . Embryos from N2 worms that were treated with control RNAi or snr-1(RNAi) were immunostained with both anti-gp210 antibodies and mAb414 antibodies. As expected, following control RNAi treatment, gp210, but not the mAb414 epitope, remained in the general vicinity of the segregating chromosomes (Fig. 6B, top) . In contrast, following snr-1(RNAi) treatment, gp210 colocalized with the mAb414 epitope in the mitotic remnants (Fig. 6B, bottom) , suggesting not only that the mitotic remnants are comprised of intact NPCs, but also that they are attached to a membrane. Thus, our results indicate that in snr-1(RNAi) embryos, a fraction of the NPCs does not disassemble during mitosis and remains attached to gp210, and thus to a membranous structure (see below).
Our results show that down-regulation of SNR-1 affects both NPCs distribution during interphase and NPC disassembly during mitosis. To determine whether other genes that affected NPC distribution during interphase (Fig. 4A ) also affect NPC disassembly during mitosis, CeNup54::GFP distribution was examined following treatment with RNAi to each of the ten genes that caused uneven NPC distribution during interphase (Fig. 7A) . Incomplete dispersal of CeNup54::GFP during anaphase was observed following treatment with RNAi to the six Sm genes, as well as to smn-1. In contrast, mitotic CeNup54:: GFP dispersal appeared to be normal in embryos from ran-3, npp-2 or rnp-6(RNAi) treated worms. Depletion of five essential splicing factors also did not affect NPC disassembly during mitosis (Fig. 7B) . Taken together, these results suggest the involvement of the Sm core complex in a unique pathway that affects NPCs during both interphase and mitosis.
Down-regulation of Sm proteins does not cause a general NEBD defect
The mechanisms underlying NEBD are poorly understood, but it is known that the disassembly of both NPCs and the nuclear lamina is triggered by mitotic cyclin/Cdk activity (Anderson and Hetzer, 2008; Laurell et al., 2011) . Thus, the incomplete disassembly of NPCs observed in snr-1(RNAi) embryos could have reflected a more general defect in NEBD. We therefore examined the effect of snr-1(RNAi) on nuclear lamina disassembly in mitosis, by following the single C. elegans lamin protein, LMN-1. As reported previously (Lee et al., 2000) , shortly after entering mitosis, (as evidenced by the "wrinkled" NE, Fig. 8A, control, left column) , both the nuclear lamina and the NPCs disperse and are no longer visible, with nucleoporins, such as CeNup54, dispersing slightly earlier than LMN-1 (Fig. 8A , control, second column from the left). snr-1(RNAi) had no effect on LMN-1 disassembly during mitosis: LMN-1::YFP in both control and snr-1(RNAi) treated embryos disassemble by the time cells reached late anaphase (Fig. 8A , third column from the left). This was in contrast to the distribution of CeNup54::GFP, which dispersed in the control embryos, but was present throughout mitosis in embryos from snr-1(RNAi) treated worms. These results suggest that SNR-1 does not have a general effect on NEBD, but is required specifically for NPC disassembly.
The NPC remnants caused by Sm protein down-regulation accumulate on ER membranes adjacent to the mitotic spindle
The presence of NPCs during anaphase, induced by the downregulation of Sm proteins, led us to search for the structure to which the remnant NPCs could be attached. Subcomplexes of the NPC bind to kinetochores during mitosis (Belgareh et al., 2001 ) and the first step of post-mitotic NPC assembly is the binding of nucleoporins to the chromatin . We therefore examined whether the mitotic NPC remnants co-localize with DNA. However, no DAPI staining or fluorescently tagged histone H2B (H2B::CR) could be detected with CeNup54::GFP remnants during mitosis (Figs. 6B and 8B) , suggesting that the remnant NPCs are not attached to chromatin.
CeNup54::GFP remnants in early anaphase form a pattern of lines that are roughly perpendicular to the anaphase chromosomes (for example, see Figs. 5A and 7A). This pattern is somewhat similar to that observed by tubulin, and suggested that a fraction of the NPC remnants could be associated with, or in the vicinity of, the mitotic spindle. We also found that the remnant NPCs contained the membrane (7) 0/7 0/7 0/7 0/21 snr-1 RNAi (9) 5/9 6/7 5/7 16/23 Fig. 5 . Down-regulation of SNR-1 leads to incomplete dispersal of CeNup54 during mitosis. A. Time-lapse microscopy of a two-cell embryo expressing CeNup54::GFP (green) and histone H2B::CR (red), after treatment with control RNAi (top row) or snr-1(RNAi) (bottom row). Time points are from the first embryonic metaphase. Shown is the maximum intensity projection of confocal sections acquired at 0.6 μm intervals. On the far right is an enlarged image of areas marked in the corresponding second time points. Bar = 10 μm. B. One-cell embryos, expressing CeNup45::GFP (green) and histone H2B::CR (red), from worms treated with control or snr-1(RNAi) were followed through up to three nuclear divisions, and the number of anaphases with remnants of CeNup54::GFP was scored. Shown are the first three divisions of an embryo from a control-treated worm. The number of mitoses with remnant NPCs, during each cell division, following control or snr-1(RNAi) is indicated below.
nucleoporin gp210 (Fig. 6B) suggesting that the remnants could be attached to a membranous structure. We therefore examined the localization of mitotic NPC remnants relative to spindle microtubules in a strain expressing GFP labeled alpha tubulin (TBA-2::GFP) and CeNup54::CR, and to the ER membrane in a strain expressing the ER marker SP12 (Rolls et al., 2002) fused to mCherry (SP12::CR) and CeNup54::GFP. Snr-1(RNAi) induced NPC remnants coincided with a fraction of spindle microtubules (Fig. 8C ) and ER membrane that is adjacent to the spindle (Fig. 8D) . Indeed, the ER membrane in C. elegans embryos is present at the periphery of the mitotic spindle Time (one minute intervals) Time (one minute intervals) Fig. 6 . Down-regulation of SNR-1 leads to defects in NPC disassembly during mitosis. A. Time-lapse images in one-minute intervals (from left to right) of embryos expressing CeNup54::CR (red) and CeNup107::GFP (green), from control worms (left panels) or worms treated with snr-1(RNAi) (right panels), as they undergo anaphase. Shown is the maximum intensity projection of confocal sections acquired at 0.4 μm intervals. Images on the far right are enlargements of the boxed areas in the last snr-1(RNAi) time point. B. Representative images of an indirect immunofluorescence experiment of embryos from N2 worms treated with control or snr-1(RNAi). The antibodies used were anti-gp210 (red) and mAb414 (green). DNA was stained with DAPI (blue). For each embryo, the bottom row is an enlarged image of the boxed area in the top row. The arrow points to remnant NPCs not associated with DNA. Shown is the maximum intensity projection of confocal sections acquired at 0.4 μm intervals. Bars = 10 μm.
( Fig. 8E) , as was previously shown for Drosophila embryos (Bobinnec et al., 2003) . TEM analysis confirmed the abnormal presence of NPC-like structures embedded in the mitotic ER in embryos from snr-1(RNAi)-treated worms but not in the control (Fig. 9 ). Taken together, these results suggest that down-regulating Sm proteins results in the persistence of NPCs during mitosis in a membranous structure that juxtaposes the spindle. These membrane structures are likely to be the remnants of the previous NE containing the non-disassembled NPCs (see below).
Failure to disassemble NPCs in anaphase leads to NPC clusters during interphase
In later stages of mitosis, during late anaphase and telophase, the NPC remnants seemed to move alongside microtubules toward the chromosomes, until they reached the NEs forming around the daughter nuclei (Supplemental Figure S3) . This led us to investigate the relationship between NPC clusters during interphase and the incomplete disassembly of NPCs during mitosis. To this end, we monitored NPCs throughout the cell cycle in embryos expressing CeNup107::GFP following treatment with snr-1(RNAi) (Fig. 10) . At the end of mitosis, the abnormal remnants of CeNup107::GFP (see arrows and arrowheads) moved toward the newly assembled NE, until they appeared as clusters of NPCs in the NEs of the daughter cells. Similar results were obtained when snr-1(RNAi)-induced NPC remnants were followed by CeNup54::GFP (data not shown). Taken together, our data suggest that the Sm proteins are required for NPC disassembly at the onset of mitosis, and that NPCs that failed to disassemble form NPC clusters in the nuclei of the daughter cells.
Discussion
In this study we showed that down-regulation of Sm proteins, but not other splicing factors, led to NPC clustering and defects in NPC disassembly. We further found that NPC clusters were in membrane stacks, and our data suggest that these formed, at least in part, from NPCs that did not disassemble in the previous mitosis. These observations point to a novel function for the Sm proteins, and suggest that disruption of NPC disassembly during mitosis leads to abnormal NPC distribution in the subsequent interphase.
The Sm proteins are core components of the spliceosome. In recent years, a growing body of literature has suggested that splicing proteins have diverse functions, independent of their role in splicing (Bayne et al., 2008; Seto et al., 1999; Barbee and Evans, 2006; Barbee et al., 2002) and large scale screens identified components of the splicing machinery as playing a role in mitosis (Kittler et al., 2004; Neumann et al., 2010 , reviewed in Hofmann et al. (2010 ). In our screen, we found that the down-regulation of six out of the seven Sm proteins results in an NPC disassembly defect and abnormal NPC distribution. We also observed similar phenotypes following down-regulation of SMN-1, which is involved in Sm protein complex assembly into snRNPs (Kolb et al., 2007) . In contrast, efficient downregulation of other core components of the spliceosome did not affect NPC disassembly or distribution.
NPC disassembly and distribution defects following Sm protein down-regulation were observed in embryos as early as the 2-and 4-cell stages, before gene expression resumes at the 4-cell stage of embryonic development (Seydoux and Dunn, 1997; Walker et al., 2007) . Therefore, Sm proteins are required for NPC-related process snr-2(RNAi) ran-3(RNAi)
. Down-regulation of Sm proteins, but not other splicing genes, leads to defects in NPC disassembly during mitosis. A. Embryos expressing CeNup54::GFP (green) and histone H2B::CR (red) from worms treated with the indicated RNAi's (which caused NPC clustering in interphase, see Fig. 4A ). Images are from cells in anaphase. Shown is the maximum intensity projection of confocal sections acquired at 0.6 μm intervals. Note that there are chromosome segregation defects following RNAi of ran-3 and npp-2 (bottom row). Nonetheless, mitotic chromosomes from these embryos are not decorated with remnant CeNup54::GFP. B. Embryos were treated as in A, using RNAi to different essential splicing genes (see Fig. 4B and Supplemental Figure S2 ). Bars = 3 μm.
before the need for zygotic splicing, and well before the need for zygotic-expressed splicing factors (inhibition of zygotic splicing and gene expression results in an embryonic arrest at the 50-to 100-cell stage (Barbee et al., 2002; Powell-Coffman et al., 1996) ). Thus, for the Sm proteins to affect NPC behavior through splicing, one would have to assume that a specific set of maternally spliced RNAs are more sensitive to Sm protein down-regulation than to the downregulation of other splicing component. While possible, a more parsimonious explanation is that the Sm proteins and SMN-1 affect NPCs through a splicing-independent process. Moreover, since splicing is needed for gametogenesis (Green et al., 2011) , and because NPC clustering and disassembly defects were apparent under conditions that did not cause complete sterility (Supplemental Figure S2) , the defects in NPC distribution and disassembly we observed occurred while the splicing machinery in the germ line was still active. This observation is also consistent with a splicing-independent role for Smproteins in NPC disassembly and distribution. We found that the extent of NPC clustering following SNR-1 down-regulation increases in the course of early embryonic divisions (Fig. 1, Supplemental Figure S1 ). We also found that mitotic remnants of NPCs, formed after the down-regulation of Sm proteins, are attached to a membrane structure adjacent to the spindle (Fig. 8) , and . snr-1(RNAi)-induced NPC remnants localize to a membranous structure near the mitotic spindle. A. Time-lapse images at one-minute intervals (from left to right) of embryos expressing CeNup54::CR (red) and LMN-1::YFP (green), from worms treated with control RNAi (left panels) or worms treated with snr-1(RNAi) (right panels), as they undergo mitosis. Shown is the maximum intensity projection of confocal sections acquired at 0.5 μm intervals. Bars = 4 μm. B. Anaphase in embryos expressing CeNup54::GFP (green) and histone H2B::CR, from worms treated with control or snr-1(RNAi). The arrow points to remnant CeNup54::GFP not associated with DNA. C. snr-1(RNAi)-induced NPC remnants (as detected by CeNup54::CR, in red) and the mitotic spindle (as detected by TBA-2::GFP, in green). Shown are two "slices" from images acquired using confocal sections at 0.5 μm intervals and obtained using oblique slicer in Imaris Software. D. snr-1(RNAi)-induced NPC remnants (as detected by CeNup54::GFP, in green) and the ER membrane (as detected by SP12::CR, in red). The bottom row is an enlarged image of the boxed area in the top row. Bar = 10 μm. E. Presence of ER membranes (detected by SP12::CR in red) adjacent to the spindle (detected by GFP::TBA-2 in green). Bar = 10 μm.
time-lapse imaging showed that these remnant NPCs move toward the reforming NEs of the daughter nuclei (Supplemental Figure S3) . Consistent with this, our TEM analysis revealed the abnormal presence of NPCs in the mitotic ER (Fig. 9 ) adjacent to the reforming NE. Finally, we found that NPCs that failed to disassemble during mitosis formed clusters in the subsequent interphase (Fig. 10) , likely in the form of membrane stacks that are perforated with NPCs (Fig. 3) . Thus, our data suggest that NPC disassembly may be an important requirement for normal NPC distribution during the subsequent interphase, and that NPCs from the previous cell cycle accumulate, along with their surrounding membrane, in membrane stacks adjacent to the newly formed nuclei. The precise step at which Sm proteins and SMN-1 affect NPCs remains to be established. It is unlikely that the defect in NPC disassembly was due to a general defect in NEBD because conditions that inhibited NPC disassembly did not prevent nuclear lamina disassembly (Fig. 8) . It is also unlikely that the Sm proteins affect NPC distribution indirectly through their known role in germ granule localization and germ cell specification (Barbee and Evans, 2006; Barbee et al., 2002) , because under conditions of Sm protein down-regulation, Fig. 9 . Two-cell stage control(RNAi) (A,D) and snr-1(RNAi) (B,C,E,F) embryos were imaged and fixed during third zygotic division at anaphase (upper row) or telophase (lower row) by high-pressure freezing. 60 nm thin sections were analyzed by TEM. In snr-1(RNAi) embryos during anaphase (B,C) and telophase (E,F) some NPCs do not disassemble and they persist in the NE membrane remnants as indicated by the arrows (panels C and F are enlargements of the boxed areas in B and E, respectively). Bars = 2 μm. Fig. 10 . Failure to disassemble NPC in mitosis leads to NPC clustering in the subsequent interphase. Time-lapse images of a 2-cell embryo expressing CeNup107::GFP from an snr-1(RNAi)-treated worm. Shown is the maximum intensity projection of confocal sections acquired at 0.4 μm intervals. The arrow and arrowhead point to NPC remnants that move towards the daughter chromosomes and eventually form an NPC cluster in the daughter NE. Bar = 8 μm.
only a subset of cells shows abnormal germ granule localization (Barbee et al., 2002) , whereas NPC distribution is affected in all cells in the embryo. Thus, it is more likely that the Sm proteins affect a process that is specific to the NPC.
The involvement of the Sm proteins and SMN-1 in splicing makes it difficult to assess the consequences of NPC clustering. During early embryonic divisions, the NEs of nuclei with clustered NPCs appear functional, as they expand during interphase, support nuclear lamina formation and exclude tubulin from the nucleus at the end of mitosis. In addition, mitotic cell divisions continue, albeit with a short delay (data not shown). Thus, at least some of the NPCs in the affected nuclei are functional. However, it is possible that the consequences of NPC clustering manifest themselves later in development. Unfortunately, embryos defective in splicing cannot progress beyond the 50-to 100-cell stage (Barbee et al., 2002; Powell-Coffman et al., 1996) , precluding us for determining the long-term consequences of NPC clustering.
Proper cell cycle progression depends on the timely execution of, and the precise coordination between, various cell cycle processes. There is evidence accumulating in support of crosstalk between components of the NPC and the cell cycle machinery (reviewed in Antonin et al. (2008) ). For example, a fraction of the Nup107/160 NPC subcomplex relocates to kinetochores during mitosis and contributes to kinetochore function (Loiodice et al., 2004; Zuccolo et al., 2007) . It is possible that this couples certain kinetochore functions to the prior execution of NEBD. NPC disassembly and NEBD are early events in open mitosis that allow mixing of nuclear and cytoplasmic compartments, and are correlated with disassembly of nuclear structures and the arrest of basic nuclear functions (Shin and Manley, 2002) , reviewed in Hofmann et al. (2010) . This process involves phosphorylation by the mitotic cyclin-Cdk complex, but the mechanisms coordinating NEBD with other mitotic events are poorly understood (Burke and Ellenberg, 2002) . It is possible that as cells enter mitosis, certain splicing factors become available to serve in other capacities. Although the precise stage of Sm protein involvement in NPC disassembly still has to be determined, we speculate that the requirement for Sm proteins during mitosis serves as a temporal link between the mitotic repression of splicing and the disassembly of NPCs.
